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Pairing forces govern population of doubly magic 54 Ca from direct reactions

(Dated: January 11, 2021) Direct proton-knockout reactions of 55 Sc at ∼200 MeV/nucleon were studied at the RIKEN Radioactive Isotope Beam Factory. Populated states of 54 Ca were investigated through γ-ray and invariant-mass spectroscopy. State energies were calculated from the shell model, employing the GXPF1Br interaction, and their exclusive cross sections from distorted-wave impulse approximation single-particle estimates factored with the shell model spectroscopic factors. Despite the calculations showing a significant amplitude of excited neutron configurations in the ground-state of 55 Sc, valence proton removals populated predominantly the ground-state of 54 Ca. This counter-intuitive result is attributed to pairing effects leading to a dominance of the ground-state spectroscopic factor.

Owing to the ubiquity of the pairing interaction, this argument should be generally applicable to direct knockout reactions from odd-even to even-even nuclei.

Perhaps the most profound of the interactions within the atomic nucleus is that of pairing. It is well described by a strongly attractive contact force between two nucleons (protons and neutrons). Notably, it is why, without exception, even-even nuclei have zero total angular momentum and positive parity, J π = 0 + , ground states. Moreover, it is the origin of odd-even staggering of neutron and proton separation energies (S n and S p , re-57 spectively). Recently, pairing has been shown to have a 58 prominent role in single-nucleon removal cross sections in 59 so-called neutron-rich exotic nuclei which have an excess 60 of neutrons compared to their stable counterparts [1]. In 61 this Letter, a further implication of pairing to direct re-62 actions is demonstrated.

Along with pairing, the interaction of a nucleon's intrinsic (s) and orbital ( ) angular momenta has farreaching consequences. In particular, it is necessary for the theoretical reproduction of the canonical nuclear "magic numbers" [2,3], 2, 8, 20, 28, 50, 82..., which relate to large energy gaps between shells of protons and neutrons. Nuclei with both proton and neutron numbers equalling magic numbers are known as doubly magic. A consequence of the pairing interaction, most obvious in doubly magic nuclei, is the existence of excited states based on the promotion of identical nucleon pairs to higher-lying shells into 2-particle-2-hole (2p-2h) states.

A feature of the tensor force, which describes meson exchanges between nucleons, is the attraction of unlike nucleons of the same (= s, p, d, f...) with different intrinsic spin directions, j > = + s and j < = -s, where E(j > ) < E(j < ) [4]. It implies an evolution of the energies of the spin-orbit generated shells as a function of nucleon number in exotic nuclei [5,6]. Stable counterparts of neutron-rich nuclei have occupied proton j > orbits, lowering the corresponding neutron j < orbital energy. Low occupancy of the proton j > in the neutron-rich case results in less interaction with the neutron j < orbital allowing E(j < ) to increase. In 54 Ca, this effect, owing to a lack of π(proton)0f 7/2 occupation, allows for a high-lying ν(neutron)0f 5/2 orbital which creates the non-canonical N (neutron number) = 34 magic number [7][8][9]. A direct analogue exists in 24 O where an unoccupied π0d 5/2 orbital allows a large, compared even to the nearby 27 Ne [10], gap between ν0d 3/2 and ν1s 1/2 , to form, leading to the non-canonical N = 16 magic number [11,12].

There is some recent evidence that the removal of the valence proton from the π0d 5/2 orbital in 25 F leads to ∼ 60% population of excited states of 24 O [13]. The explanation for this in Ref. [13] was the induced configuration mixing of the 24 O core neutron states by the lowering of the ν0d 3/2 energy through an artificially strengthened tensor interaction with the π0d 5/2 proton. However, from the point of view of the pairing interaction, the spectroscopic factor to the ground-state would expected to be large. This can be illustrated in a two-level model of 0p-0h (ground state) and 2p-2h neutron states for 25 F and 24 O. The spectroscopic factor to the ground-state of 24 O following a π0d 3/2 proton removal is dependent on the product of amplitudes of the 2p-2h states in 25 F and 24 O which is positive owing to the definite signs of the off-diagonal two-body matrix elements of the pairing interaction [14].

Whether the population patterns from direct proton removal reactions 55 Sc(p, 2p) adhere to the pairing interaction expectation or tensor-driven effects is addressed in this letter. As with 25 F, 55 Sc has a non-canonical doubly magic core that results from the absence of tensor-driven attraction and a single proton in the orbital that acts to lower the valence neutron energies. In the present work and Ref. [13], projectiles were produced under the same surrounded by a time projection chamber (TPC) situated at the focal plane designated "F13" which is ∼40 m downstream of the 7 th focal plane. Surrounding MINOS was the DALI2 + array of 226 NaI(Tl) crystals [21,22] for the high-efficiency detection (∼23% for a 2 MeV γ ray emitted at β ion ≈ 0.6) of γ rays emitted by excited states populated by secondary reactions. Behind MINOS, reaction residues were identified, as shown in Fig. 1(b), with the SAMURAI spectrometer by their Bρ through a single dipole magnet, TOF from the target to a hodoscope, and energy loss in the hodoscope [23].

Reaction vertices in the LH 2 target were identified with a precision of ∼2 mm (σ) by tracking incoming fragments with beam-line detectors and tracking protons ejected from the target with the surrounding TPC [24].

Fragment velocities at the reaction vertex were reconstructed using the vertex position and velocity measured in SAMURAI. Beam-velocity neutron-detection was realised with NEBULA [23,25], comprising two assemblies of 60 vertically-aligned 12×12×180 cm 3 detectors arranged in a 2×30 configuration, and NeuLAND [START_REF] Aumann | Technical Report for the design, construction 451 and commissioning of NeuLAND: The high-resolution 452 neutron time-of-flight spectrometer for R3B[END_REF], one assembly of 400 5×5×250 cm 3 detectors arranged in 
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 101 FIG. 1. Identified ions in front of (a) and behind (b) the reaction target. In (a), the ellipse indicates the software gate placed on 55 Sc. In (b), gates applied to select 53 Ca and 54 Ca are shown as dashed and solid ellipses, respectively. The scale is counts per bin and applies to (a) and (b).
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 9 conditions and the same reaction is employed at an en-121 ergy of ∼ 200 MeV/nucleon. 122 The first study of 54 Ca populated through direct re-123 actions is presented. Exclusive cross sections of ground 124 and excited states have been measured as well as values 125 of removed nucleons that populated them. Only through 126 application of invariant-mass spectroscopy to the heavi-127 est exotic nucleus to date were such measurements pos-128 sible for the unbound states. Comparisons of the mea-129 surements were made to distorted-wave impulse approx-130 imation (DWIA) [15, 16] and conventional shell model 131 calculations, the latter employing the GXPF1Br interac-132 tion [7] in the full sd-pf -gds model space. From the com-133 parisons, values of removed nucleons and tentative J π 134 assignments to excited states of 54 Ca were determined. 135 The results show predominant ground-and excited-state 136 population of 54 Ca through valence and core proton re-137 movals, respectively. 138 Experimental investigations were conducted at the Ra-139 dioactive Isotope Beam Factory, operated by the RIKEN 140 Nishina Center and the Center for Nuclear Study, Uni-141 versity of Tokyo. A 240 pnA beam of 70 Zn 30+ was ac-142 celerated to 345 MeV/nucleon and secondary beams of 143 isotopes produced from its fragmentation on a 10-mm-144 Be target situated at the entrance of BigRIPS [18], 145 a two-stage fragment separator. Constituents of the 146 secondary beams were selected and separated up until 147 the 3 rd focal plane of BigRIPS by their magnetic rigid-148 ity (Bρ) through two dipole magnets and energy loss 149 (∆E) through an Al wedge-shaped degrader situated be-150 tween the dipole magnets. The time-of-flight (TOF), 151 Bρ, and ∆E were recorded for each ion between the 152 3 rd and 7 th focal planes. These measurements were 153 combined to provide unambiguous particle identification 154 (PID) of the ions' mass-to-charge ratio and atomic num-155 ber [19], shown in Fig. 1(a). Following identification, 156 the secondary beams were transported to the MINOS de-157 vice [20], a 151(1)-mm-long liquid hydrogen (LH 2 ) target 158
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 2 FIG. 2. (a) Doppler-corrected γ-ray spectrum of the 55 Sc(p, 2p) reaction populating bound states. The total fit function (red line) comprises simulated response functions of DALI2 + (blue short-dashed lines) and a double-exponential background (black long-dashed line). The inset spectrum is that in coincidence with the 2021-keV transition, where the blue dashed lines are intensity-fixed responses assuming the shown level scheme. Arrow widths on the level scheme represent relative γ-ray intensities. (b) Relative energy spectrum of 55 Sc(p, 2p) 54 Ca*→ 53 Ca+1n. The total fit function (red line) is the sum of the simulated responses of NeuLAND+NEBULA and beam-line detectors (blue short-dashed lines), and a non-resonant background (black long-dashed line). Inset is the decay scheme to 53 Ca, level energies are with respect to the 53 Ca ground-state energy and arrow widths are relative decay strengths. (c-f) PMDs of residual 54 Ca (c,d) and 53Ca+1n (e,f) following 55 Sc(p, 2p) reactions in coincidence with various states. "Inc. unbound" infers the inclusive PMD for unbound states, otherwise labels of (c-f) correspond to (g), which shows the energies, cross sections, and J π assignments of observed states. Data points in (c-f) are observed and solid curves are predicted by the DWIA for the d-, f -, and s-wave proton removals normalized to experimental cross sections. Where appropriate, Sn and S2n[17] values are indicated.
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 2 Fig. 2(a), with intensities which imply the level scheme 192
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 232562 FIG. 3. (Top panel) Below Sn, the measured cross sections to states from γ-ray spectroscopy are shown. Above Sn, the population cross sections of the unbound states from invariant mass spectroscopy are shown at the energy centroids of fitted values and likely represent contributions from several states. States with conclusive PMDs are colored accordingly to the -value of their removed nucleon, otherwise are black. (Bottom panel) Theoretical predictions of state energies and their population cross sections are shown. Contributions to cross sections from proton removals from the different orbitals are indicated. Unlabelled levels have J π = 2, 3, 4, 5 -.

  The inclusive cross section to bound states was measured to be 1.69(3) mb, close to the predicted 1.83 mb, suggesting little quenching compared to what is expected from such reactions[33].Above S n , it is stressed that whilst the cross sections are indicated at the level energies shown in Fig.2(g), they are likely distributed across many unresolvable states. The over-prediction in the range S n < E level < S 2n may result from some levels predicted to lie below S 2n in-fact existing beyond it and decaying via 2n emission, since the bound-state decays are well reproduced by the prediction, quenching of spectroscopic factors is unlikely. In addition, it is noted that exclusion of the deeply bound π1s 1/2 contribution lowers predicted cross section towards the measured value. As for cross sections of the strengths beyond S 2n , direct comparison to theory is difficult owing to the lack of sensitivity to the 2n decay channel. If the bold assumption is made that the levels observed in the 53 Ca+1n E rel spectra only decay via 1n emission, excluding the π1s 1/2 contribution brings the predicted value to agreement with observation. Proton removal from π0d 3/2 dominates the excited states, reflected by the inclusive PMD. Whilst a strong population of the 4 - 9 state following π1s 1/2 proton removal is predicted it is not observed clearly in any PMD, possibly due to the influence of states populated by π0d 3/2 proton removal.Negligible population of excited states of 54 Ca originates from the proton removal from π0f 7/2 in 55 Sc. All excited states are consistent with population from coreproton removals, predominantly from π0d 3/2 , and potentially π1s 1/2 . These findings are contrary to the analogous case of 25 F(p, 2p)[13], in which valence proton removals preferentially populated excited states of24 O.The shell model calculations result in 0p-0h (closedN =34shell) contributions of the 55 Sc and 54 Ca groundstate wavefunctions as 64.2% and 89.4%, respectively. The remainder of the contributions are dominated by 2p-2h configurations. Despite this erosion of the N = 34 closure in 55 Sc, which is supported by experiment [34], the spectroscopic factors (C 2 S) show removal from π0f 7/2 mostly populates the ground-state of 54 Ca, as observed experimentally. This can be understood through a simple two-level system of both 55 Sc and 54 Ca. Assuming each have wavefunctions that only have contributions from 0p-0h (φ 0p0h ) and 2p-2h (φ 2p2h ) configurations, 337 Ψ 55 Sc = α 0p0h φ 0p0h 55 Sc + α 2p2h φ 2p2h 55 Sc , Ψ 54 Ca = β 0p0h φ 0p0h 54 Ca + β 2p2h φ 2p2h 54 Ca , where α and β are real numbers satisfying α 2 0p0h +α 2 2p2h = 338 1 and β 2 0p0h +β 2 2p2h = 1. With vanishing overlaps of φ 0p0h 339 and φ 2p2h , the spectroscopic factor to the ground state 340 of 54 Ca can be expressed as,
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does not reflect such a contribution.
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C 2 S g.s. = (α 0p0h β 0p0h + α 2p2h β 2p2h ) 2 .

(1)

Since pairing forces have a definite sign in their off-342 diagonal two-body matrix elements, the amplitudes α 2p2h 343 and β 2p2h take on the same sign [14]. Therefore,